Abstract Purpose: Irinotecan is an important drug for the treatment of solid tumors. Although genes involved in irinotecan pharmacokinetics have been shown to influence toxicity, there are no data on pharmacodynamic genes. CDC45L, NFKB1, PARP1,TDP1, and XRCC1 have been shown to influence the cytotoxic action of camptothecins, including irinotecan. Polymorphisms in the drug target of camptothecins, topoisomerase I (TOP1), and downstream effectors may influence patient outcomes to irinotecan therapy. We undertook a retrospective candidate gene haplotype association study to investigate this hypothesis. Experimental Design: Haplotype compositions of six candidate genes were constructed in European (n = 93), East Asian (n = 94), and West African (n = 95) populations. Haplotypetagging single nucleotide polymorphisms (htSNP) were selected based on genealogic relationships between haplotypes. DNA samples from 107 European, advanced colorectal cancer patients treated with irinotecan-based regimens were genotyped for htSNPs as well as three coding region SNPs. Associations between genetic variants and toxicity (grade 3/4 diarrhea and neutropenia) or efficacy (objective response) were assessed. Results: TOP1 and TDP1 htSNPs were related to grade 3/4 neutropenia (P = 0.04) and response (P = 0.04), respectively. Patients homozygous for an XRCC1 haplotype (GGCC-G) were more likely to show an objective response to therapy than other patients (83% versus 30%; P = 0.02). This effect was also seen in a multivariate analysis (odds ratio, 11.9; P = 0.04). No genetic variants were associated with diarrhea. Conclusions: This is the first comprehensive pharmacogenetic investigation of irinotecan pharmacodynamic factors, and our findings suggest that genetic variation in the pharmacodynamic genes may influence the efficacy of irinotecan-containing therapies in advanced colorectal cancer patients.
Irinotecan (CPT-11) is used for second-line treatment of metastatic colorectal cancer and as salvage therapy in 5-fluorouracil refractory disease. The major dose-limiting toxicities of CPT-11 -based therapies are delayed diarrhea and severe or fatal myelosuppression (1) . CPT-11 itself is a relatively weak inhibitor of topoisomerase I (Topo I), and its clinical activity is dependent on in vivo conversion to the more potent metabolite, SN-38, a reaction catalyzed by carboxylesterase enzymes (CES1 and CES2; ref. 2) .
The pharmacokinetics of CPT-11 and its active metabolite, SN-38, are determined by numerous drug transporters and metabolizing enzymes (3) . Many pharmacogenetic studies have investigated the influence of genetic variation in these pathways on patient-to-patient variation in CPT-11 pharmacokinetics and toxicity (4, 5) . The strongest and most consistent association has been shown for a tandem repeat TA polymorphism [-53(TA) 6>7 TAA] in the TATA box of the promoter region of the UDP-glucuronosyltransferases 1A1 gene (UGT1A1; refs. 4, 5) . The deactivation to SN-38 glucuronide is principally catalyzed by UGT1A1 (6) . Patients homozygous for the seven dinucleotide repeat -53(TA) 7 (UGT1A1*28) are exposed to more SN-38 and have a higher incidence of grade 3/4 neutropenia than patients with the common allele (7, 8) . Recent evidence indicates the UGT1A1*28/*28 genotype explains a considerable portion of the risk of severe neutropenia at moderate to high doses of irinotecan but not at low doses, suggesting that additional genetic or nongenetic factors explain the risk, especially when low doses of irinotecan are administered (9) .
Proteins that mediate the cellular response to CPT-11 have been largely ignored in previous pharmacogenetic investigations. There is substantially less knowledge about the CPT-11 pharmacodynamics, including DNA damage repair or cell death pathways, following the formation of camptothecinTopo I-DNA complexes. Genetic variation in the drug target of SN-38, Topo I (gene symbol TOP1), and cellular downstream effectors that lead to DNA repair or cell death are potential sources of patient-to-patient variation in CPT-11 -induced toxicity and clinical response (10) . This variation might improve prediction of patient outcomes to CPT-11 -based therapies. Numerous proteins are involved in mediating tumoral resistance to camptothecins (10, 11) , and the Pharmacogenomics and Pharmacogenetics Knowledge Base Web site (PharmGKB) 6 has proposed that a handful of these proteins, including the drug target, Topo I, and cell cycle division 45 -like protein (CDC45L), nuclear factor-nB (p50 subunit; NFKB1), poly(ADP-ribose) polymerase I (PARP1), tyrosyl DNA phosphodiesterase (TDP1), and X-ray crosscomplementation factor (XRCC1), are involved in the pharmacodynamic pathway of irinotecan. Findings from studies using yeast or mammalian cancer cells suggest that these proteins influence the cytotoxic action of camptothecins (12 -16) .
Given the important roles these proteins play in determining cellular response following exposure to camptothecins, we hypothesized that genetic variation in the PharmGKB irinotecan pharmacodynamic genes, TOP1, CDC45L, NFKB1, PARP1, TDP1, and XRCC1, influences patient outcomes to CPT-11 therapy. To evaluate this hypothesis, we undertook an exploratory retrospective candidate gene haplotype association test in a cohort of European, advanced colorectal cancer patients treated with CPT-11 -based regimens. As the number of events of severe neutropenia (grade 3/4) was low, the haplotype-neutropenia analysis should be considered preliminary. The influence of UGT1A1*28 on treatment outcomes has previously been investigated in this patient cohort (17) .
Materials and Methods
Patients. Study protocols were approved by the Institutional Review Boards of Hospital de la Santa Cruz y San Pablo (Barcelona, Spain) and Washington University School of Medicine (St. Louis, MO). One hundred and seven European patients with advanced colorectal cancer treated with CPT-11 -containing regimens at Hospital de la Santa Creu i Sant Pau were included in the study. The study was approved by Washington University Medical Center Human Studies Committee (06-0262) and Hospital de la Santa Cruz y San Pablo Comité Etico de Investigación Clínica (120705). Patients gave written informed consent before being enrolled in the study. The initial objective of the study was to evaluate the influence of UGT1A1*28 genotype on CPT-11 treatment outcomes, and the findings were published elsewhere for 95 of the 107 patients (17) . Patient pathologic characteristics are outlined in Table 1 . Patients were treated with chemotherapy regimens (Table 1) and underwent chemotherapy cycles until severe toxicity or disease progression appeared.
DNA was collected for genetic analysis from all 107 patients. Presence and grade of neutropenia and diarrhea were recorded for all 107 patients in accordance with the criteria of WHO. Response to treatment was analyzed in 89 of the 107 patients. Complete remission was defined as the disappearance of tumor masses and disease-related symptoms as well as the normalization of the initially abnormal tests and/or biopsies lasting for at least 1 mo. Partial remission was considered when measurable lesions decreased by at least 50%. Clinical response was assumed when a complete or partial remission was obtained. Patients without criteria of clinical response but without progression were considered patients with stable disease; disease progression during or after treatment was also considered.
Samples and DNA extraction. DNA was isolated from the whole blood of 107 patients with advanced colorectal cancer receiving CPT-11 -based regimens, as previously described (16) . DNA from 93 European Americans and 94 Han Chinese was obtained from Coriell. 7 DNA was isolated from 95 Ghanaian healthy blood donors as previously described (18) .
Polymorphism selection. Human PARP1, CDC45L, NFKB1, TDP1, TOP1, and XRCC1 genomic sequences were annotated to confirm splice site junctions using the University of California at Santa Cruz Golden Path Human Genome Browser. 8 Once the gene was annotated, Polymorphism Mining and Annotation Program (PolyMAPr) was used to map the polymorphisms identified by gene resequencing and reported in public databases (dbSNP, 9 CGAP-GAI, 10 and JSNP
11
) to the gene sequences (19, 20) . Alleles, single nucleotide polymorphisms (SNP), and insertion/ deletions (indels) were preferentially selected for construction of haplotype identities in the European, East Asian, and West African samples if they were in coding regions and in regulatory regions affecting gene expression if there was epidemiologic evidence to suggest that they altered the risk of developing a disease or they were predicted to affect function by PolyPhen (20) . For PARP1, CDC45L, NFKB1, and XRCC1 , alleles that distinguished between common haplotypes (frequency of z5%) were selected from data published on 90 unrelated individuals, representative of a U.S. population (see the National Institute of Environmental Health Sciences Web site 12 for a description of the population; ref. 21 ). NFKB1 -794delATTG (previously denoted -94 ins/del ATTG) and XRCC1 -77T>C, c.580C>T (R194W), and c.839G>A (R280H) were selected from the literature (22 -24) . At the time of study commencement, genetic variation data for TOP1 and TDP1 were not available on the National Institute of Environmental Health Sciences Web site. Alleles with estimated frequencies of z5% in at least one ethnic group by resequencing were selected for haplotype construction of these two genes (19) .
Genotyping. Genomic DNA samples from 93 healthy, unrelated European Americans, 94 Han Chinese, and 95 Ghanaians were typed for 41 SNPs and 2 indels (see Table 2 for a list of alleles, PCR primers, and conditions available on request) across the candidate genes to construct haplotype identities for these genes. Haplotype-tagging SNPs (htSNP) were selected as described below. Putative causal SNPs in PARP1 and XRCC1 were selected from the literature (23 -27) . Genomic DNA samples of 107 advanced colorectal cancer patients were genotyped for 10 htSNPs across the candidate genes and for 4 putative causal SNPs (see Table 3 ).
With the exception of XRCC1 -77T>C, genotyping was done using PCR and pyrosequencing as previously described (28) . Primer sets for the htSNPs and putative causal SNPs are presented in Supplementary  Table S1 . For XRCC1 -77T>C, DNA was amplified using Thermo-Start PCR Master Mix (ABgene 13 ), an annealing temperature of 55jC, and primers presented in Supplementary Table S1 , yielding a 139-bp product. PCR amplicons were incubated with BsrBI at 37jC for 2 h. Fragments were visualized using 4% low-melt agarose and genotypes were scored based on the following fragment patterns: C/C = 139 bp; C/T = 139 + 79 + 60 bp; and T/T = 79 + 60 bp.
Selection of haplotype markers. Haplotype networks were estimated using TCS software package to examine the genealogic relationships between haplotypes (29, 30) . htSNPs were selected from the haplotype networks and were polymorphisms that distinguished two or three major haplotypes in the European sample.
Statistics. Hardy-Weinberg equilibrium was assessed by HWSIM, 14 a QuickBasic program, which uses a Monte Carlo permutation procedure. The m 2 test was used to compare the observed genotype frequencies with those expected under Hardy-Weinberg equilibrium. Polymorphism and Haplotype Analysis Suite (PHASE version 0.9) was used to estimate pairwise linkage disequilibrium (D ¶) and haplotypes and to assign diplotypes (31) . Analyses of diarrhea and neutropenia used a dichotomized outcome (grade 3/4 versus grade 0/1/2). Possible associations between binary outcomes (toxicities or response to treatment) and genetic factors (genotypes or diplotypes) were tested using m 2 tests or Fisher exact tests depending on the data distribution. In a post hoc calculation of power, based on the known sample size, number of clinical response events, and a significance threshold of P < 0.05, we had 80% power to detect an odds ratio of z3.6 for variants with a minor allele frequency of 0.33 (the mean minor allele frequency in this study).
Initially, univariate tests were used to assess associations between the outcomes (neutropenia and objective response to treatment) and a variety of genetic, demographic, and clinical factors, including UGT1A1*28 genotype (TA 6 /TA 6 versus TA 6 /TA 7 versus TA 7 /TA 7 ), age (<65 versus z65 y), sex (male versus female), line of chemotherapy (first versus zsecond), performance status (treated as a class variable: 0 versus 1 versus 2), previous treatment (surgery versus radiotherapy), total bilirubin (V1.0 versus >1.0 mg/dL), and chemotherapeutic regimen (CPT-11 alone versus CPT-11 + raltitrexed versus CPT-11 + 5-fluorouracil versus CPT-11 + 5-fluorouracil/leucovorin). Factors that seemed to be associated with outcomes (as determined by univariate tests; P < 0.10) were included in a stepwise logistic regression analysis in an attempt to identify independent predictors of grade 3/4 neutropenia and objective response. No P value adjustments were made for multiple hypotheses testing.
Results

Analysis of candidate gene sequence variation
The chromosomal locations, number of exons, and sizes of the candidate genes are presented in Supplementary Table S2 . On average, 248 unique polymorphisms reported in the public databases dbSNP, CGAG-GAI, and JSNP and identified by gene sequencing were mapped to each gene using PolyMAPr. At the time of analyses, sequencing identified 1 to 18 novel SNPs per gene (19) . We determined the allelic frequencies of 41 SNPs and 2 indels by pyrosequencing germ-line DNA from European Americans, East Asians (Han Chinese), and West Africans (Ghanaians; Table 2 ). Genotypes were tested for deviations from Hardy-Weinberg equilibrium. With the exception of TDP1 IVS12+79 in East Asians (P = 0.03, two tailed), genotype frequencies in subgroups agreed with the Hardy-Weinberg equilibrium.
Estimation of haplotypes of the candidate genes
Genotype data for 43 alleles among the candidate genes from unrelated, healthy individuals of European (n = 93), East Asian (n = 94), and West African descent (n = 95) were used to estimate haplotype identities using PHASE (Supplementary  Tables S3-S8) . For each gene, some individuals were homozygous for all loci and others were heterozygous at a single site, which provided unambiguous information about the specific combinations of alleles. Other haplotypes were inferred by PHASE; some of these were observed in another subgroup, which provided evidence that they were true haplotypes.
Haplotypes with a frequency of z5% were considered common and those with frequencies of <5% were considered rare. A summary of the number of common haplotypes observed in each ethnic group is presented in Supplementary Table S2 .
Haplotype structures and frequencies for each gene in the three populations are listed in Supplementary Tables S3 to S8 .
Selection of haplotype markers
Cladograms of haplotype identities were generated using haplotypes estimated in all ethnic groups combined to gain an understanding of the relationships between the haplotypes (see Supplementary Figs . S1-S6 for cladograms of the candidate genes). Alleles that distinguished common haplotypes in the European sample (htSNPs) were selected from the cladograms for pharmacogenetic assessment (Table 3) . Two htSNPs (included SNPs and indels) that divided PARP1, CDC45L, NFKB1, and XRCC1 haplotype compositions into three haplotype groups were selected. Owing to the limited haplotypic diversity of TOP1 and TDP1 in Europeans, a marker that distinguished two major haplotype groups was chosen for each gene.
Genotypes/haplotypes of the advanced colorectal cancer patients treated with CPT-11 -based regimens Allele and genotype frequencies of the 10 htSNPs (8 SNPs and 2 indels) and 4 putative causative SNPs in the patient cohort are presented in Table 3 . Observed genotype frequencies did not differ significantly from those expected from the HardyWeinberg equilibrium. Haplotypes were estimated for CDC45L, NFKB1, PARP1, and XRCC1. Three haplotype identities for CDC45L T-C (IVS3+87T>C-IVS8-24C>T), C-C, and C-T, were estimated. The frequencies of the haplotypes were 0.51, 0.25, and 0.24, respectively. For NFKB1, haplotypes ATTG-G (-794delATTG-IVS5+1995A>G), del-A, and ATTG-A with frequencies of 0.37, 0.34, and 0.29, respectively, were estimated. For PARP1, haplotypes of T-C (c.852T>C-IVS19-297C>T), C-C, and T-T were estimated with frequencies of 0.50, 0.35, and 0.15, respectively. Four haplotypes were estimated for XRCC1, del-G (-1449delGGCC-c.1196G>A), GGCC-A, GGCC-G, and del-A, with frequencies of 0.43, 0.36, 0.20, and 0.01, respectively.
Analysis of toxicity to CPT-11 -based therapies
The incidences of grade 3/4 toxicities in the patient cohort are presented in Table 1 . The incidence of diarrhea was not associated with any candidate gene genotypes or diplotypes. Associations between candidate gene htSNP genotypes and diplotypes, and neutropenia are presented in Table 4 . A genedose effect of TOP1 IVS4+61 genotype on the incidence of grade 3/4 neutropenia was observed, with G/G patients experiencing the lowest (6 of 73 patients, 8%) and A/A the highest incidence (2 of 4 patients, 50%; G/A, 6 of 30, 20%; P = 0.035). PARP1, CDC45L, NFKB1, TDP1, and XRCC1 genotypes and diplotypes were not significantly associated with severe neutropenia, although a trend toward PARP1 C-C/C-C (c.852-IVS19-297) patients experiencing a 2.6-fold higher incidence of neutropenia (33%, 4 of 12 patients) than patients with other PARP1 diplotypes (13%, 12 of 94 patients; P = 0.08) was observed (Fig. 1A) . None of the seven XRCC1 GGCC-G/ GGCC-G (-1449-c.1196) patients experienced neutropenia compared with 16 of 100 patients with other diplotypes who did (0% versus 16%; P > 0.10). The study, however, lacked adequate power to show a significant difference.
Analysis of efficacy to CPT-11 -based therapies
Clinical response data for the patients are presented in Table 1 . Associations of candidate gene htSNP genotypes and diplotypes with response are presented in Table 4 . A gene-dose effect of TDP1 IVS12+79G>T on objective response was observed, with G/G patients (64%, 7 of 11 patients) having the highest proportion of responders compared with G/T (32%, 16 of 50 patients) and T/T (25%, 7 of 28 patients; P = 0.044; Fig. 1B ). Most patients with the XRCC1 GGCC-G/GGCC-G diplotype (83%, 5 of 6 patients) had an objective response compared with 30% of patients with other XRCC1 diplotypes (25 of 83 patients; P = 0.016; Fig. 1C) . No significant relationships between CDC45L and NFKB1 genotypes and diplotypes and tumor response were observed.
Analysis of putative causal alleles
Epidemiologic studies have found that SNPs in PARP1 [c.2285T>C (V762A)] and XRCC1 [-77T>C, c.580C>T (R194W), and c.839G>A (R280H)] alter the risk of developing some cancers, and the SNPs have been shown in vitro to alter function by affecting either gene transcription or protein function (23 -27) . It is therefore possible that these SNPs could be causative alleles and influence patient response to CPT-11 treatment. Patients were genotyped for the four SNPs and associations with clinical variables were assessed. The allele and genotype frequencies are presented in Table 3 . Genotype distributions for the SNPs agreed with those predicted by the Hardy-Weinberg equilibrium. Owing to the expected small number of patients in the diplotype groups, only genotypeoutcome analyses were conducted. The PARP1 and XRCC1 SNPs were not associated with toxicities or response rate, suggesting that these SNPs are not causative and do not explain the associations between PARP1 and XRCC1 htSNPs and haplotypes, and clinical outcomes observed in our patient population.
Multivariate analyses
Neutropenia. Univariate analyses suggest that TOP1 IVS4+61 (G/G versus A/G versus A/A), PARP1 diplotype (C-C/C-C versus other diplotypes), age, bilirubin, and performance status are associated with grade 3/4 neutropenia (P < 0.1), whereas other baseline clinical pathologic characteristics and UGT1A1*28 genotype were not associated (P > 0. 1; ref. 17) . A logistic regression model, using the associated factors (P < 0.1) as Fig. 1 . Objective response and grade 3/4 neutropenia rates in a cohort of 107 patients with advanced colorectal cancer treated with CPT-11^based regimens by candidate gene genotypes: PARP1 (c.852T>C-IVS19-297C>T) C-C/C-C diplotype and neutropenia (n = 106; P = 0.08; A),TDP1 IVS12+79 and rate of response (n = 89; P = 0.044; B), and XRCC1 (-1449delGGCC-c.1196G>A) GGCC-G/GGCC-G diplotype and rate of response (n = 89; P = 0.016; C). Genotypes were compared using the m 2 trend test and diplotype groups using the Fisher's exact test.
predictor variables, was used to identify independent factors that predict CPT-11 -induced neutropenia. When these factors were considered jointly, only total bilirubin significantly predicted neutropenia (odds ratio, 1.15; 95% confidence interval, 1.0-1.3; P = 0.01). High total bilirubin (>1 mg/dL) predicted grade 3/4 neutropenia.
Clinical response
The line of chemotherapy was significantly associated with clinical response; 27 of 62 patients who received first-line therapy before participating in the present study achieved a clinical response with CPT-11 -based treatment compared with 3 of 45 patients (44% versus 6%) that had received second-line therapy or more (P = 0.001, Fisher's exact test). The other baseline pathologic characteristics and UGT1A1*28 were not associated with tumor response. Because TDP1 IVS12+79 genotype (G/G versus T/G versus T/T) and XRCC1 diplotype (GGCC-G/GGCC-G versus other diplotypes) showed association to clinical response in the univariate analyses, they and line of chemotherapy were used as predictors in a stepwise logistic regression predicting CPT-11 response. The resulting model indicated that patients who at baseline had received two or more previous chemotherapy treatments were less likely to respond to CPT-11 therapy (odds ratio, 0.13; 95% confidence interval, 0.03-0.5; P = 0.003), whereas patients homozygous for the XRCC1 GGCC-G haplotype (odds ratio, 11.9; 95% confidence interval, 1.1-128; P = 0.04) were most likely to respond to therapy. TDP1 genotype (P = 0.14) was not predictive.
Discussion
There is considerable clinical interest in identifying factors that predict which patients are likely to respond to CPT-11 or are at high risk of excessive and potentially life-threatening toxicity. Such factors could help physicians individualize therapies such that patients with a low chance of achieving a clinical response to CPT-11 could be offered alternative chemotherapies, whereas those likely to respond to CPT-11 but at high risk of excessive toxicity could be administered a lower starting dose and monitored carefully for adverse events. Based on preclinical and clinical evidence, resistance to CPT-11 has been proposed to result from three different mechanisms: (a) inadequate accumulation of SN-38 in the tumor (determined by pharmacokinetic factors), (b) alterations in Topo I activity that result in reduced levels of the SN-38-Topo I-DNA complex (pharmacodynamic factors), and (c) alterations in the events downstream from the ternary complex, for example, apoptosis, cell cycle regulation, checkpoints, and DNA repair (pharmacodynamic factors; refs. 11, 32). In the present study, we investigated the potential of six candidate genes involved in mediating the pharmacodynamics of camptothecins to affect treatment outcomes of CPT-11 therapy in a retrospective candidate gene haplotype association study 6 (12 -16) . The present exploratory study assessed associations of htSNPs and haplotypes of the genes with treatment outcomes in a cohort of advanced colorectal cancer patients who received CPT-11 -based regimens. We found that genetic variation in XRCC1 was associated with the efficacy of CPT-11 -based therapies but found no independent genetic factors that predicted toxicity. Given the hypothesis generating nature of our study and the limited number of observations of clinical response, the association between XRCC1 and clinical response requires validation in an independent, larger patient cohort. This is the first comprehensive investigation of the influence of genetic variation of pharmacodynamic genes on CPT-11 treatment outcomes.
XRCC1 plays a critical role in base excision repair by bringing together a complex of DNA repair proteins, including PARP1 and DNA polymerase h (33). We assessed whether genetic variation in XRCC1 was associated with CPT-11 treatment outcomes. We found that more patients with the XRCC1 c.1196G>A (R399Q) G/G genotype achieved a clinical response (46% versus 26%; P = 0.10) than patients with A alleles. This is the first study to evaluate an association between XRCC1 genetic variation and tumor response to CPT-11 -based therapies in patients. Codon 399 is located within the BRCT-I interaction domain (amino acids 301-402) of XRCC1, a region that is critical for the role of XRCC1 in single-strand break repair and cell survival (34) and a poly(ADP-ribose) -binding motif (amino acids 379-400) that interacts with ribosylated PARP1 (33, 35, 36) . The trend we observed for XRCC1 c.1196 agrees with the results of two previous pharmacogenetic studies (37, 38) . The majority of patients with metastatic colorectal cancer who responded to oxaliplatin and 5-fluorouracil therapy were G/G patients (8 of 11 patients, 73%; 3 were G/A), whereas 66% of nonresponders (33 of 50 patients) carried an A allele (P < 0.05; ref. 37) . In a study of Korean metastatic colorectal cancer patients, XRCC1 c.1196 G/Gs survived longer (P < 0.05) and had a better response rate (P < 0.05) to FOLFOX therapy than patients with A/G and A/A genotypes (38) . Taken together, the findings suggest that wild-type XRCC1, encoded by the G allele with arginine at position 399, has poor DNA repair capacity compared with the variant glutamine-containing form. However, these in vivo observations are in conflict with the results of several in vitro studies that have consistently shown that the glutamine residue at codon 399 is associated with reduced DNA repair capacity as assessed by the persistence of DNA adducts, elevated levels of sister chromatid exchanges, increased RBC glycophorin A, TP53 mutations, and prolonged cell cycle delay (23) . Based on the results of in vitro studies, tumors carrying the c.1196 variant allele (399Gln) would be expected to have impaired XRCC1 activity resulting in reduced DNA repair efficiency following exposure to DNA-damaging agents and leading to increased cell death and a positive tumor response to CPT-11 therapy rather than the opposite situation that has been shown in the present and previous patient studies. The reason for the discrepancy between the in vivo and in vitro genotype-outcome associations is unclear but may be explained by cell-specific effects of c.1196 (R399Q) on XRCC1 activity (23) .
XRCC1 haplotype was a better predictor of clinical response than XRCC1 c.1196. All but one of the patients homozygous for the XRCC1 GGCC-G haplotype (83%, five of six patients) responded to therapy (Fig. 1C) . In multivariate analysis, the haplotype still predicted response. The finding suggests the haplotype encodes an XRCC1 with reduced DNA repair activity compared with other haplotypes so that tumors homozygous for the haplotype are more sensitive to the cytotoxic effects of CPT-11 and consequently respond better to therapy than tumors with other haplotype pairs. -1449delGGCC did not affect responses to CPT-11 therapy, suggesting that the indel in combination with c.1196 did not directly influence XRCC1 activity. However, haplotype GGCC-G may have indirectly affected XRCC1 activity by tagging a causative allele. We assessed whether three XRCC1 SNPs, -77T>C, c.580 (R194W), and c.839 (R280H), for which there is in vitro and in vivo evidence to suggest they affect XRCC1 activity, were responsible for the haplotype-outcome association (23, 24, 27, 39) . However, none of the SNPs predicted CPT-11 outcomes, suggesting that they do not on their own explain the relationship between the GGCC-G haplotype and response to CPT-11 therapy and additional polymorphisms carried on the haplotype may explain the association. This is the first study to identify a genetic marker that independently predicts clinical response to CPT-11. Although our findings suggest that the XRCC1 GGCC-G haplotype might be a good candidate for tumor response to CPT-11, the number of patients studied with this haplotype pair was small; therefore, the association needs to be confirmed in a larger cohort. Interestingly, although not significant, none of the patients homozygous for XRCC1 GGCC-G experienced severe neutropenia. The lack of significant association might be explained by the low incidence of neutropenia in the cohort and the small number of patients with the diplotype. Together with the association with response, the findings suggest that patients with the GGCC-G/GGCC-G diplotype have a good tumor response to CPT-11 and are also tolerant to the chemotherapy, making them excellent candidates for CPT-11 -based therapies. The frequency of the haplotype is higher in East Asians and West Africans (f50%) than in Europeans (f20%), suggesting that there may be ethnic differences in the tolerance of and response to CPT-11.
Despite the strong associations between UGT1A1*28 genotype and neutropenia that have been observed, many studies, including the present study, have failed to show the association (7, 8, 17, 40 -43) . The CPT-11 dose seems to be an important variable, with UGT1A1 genotype being most predictive at higher doses (9) . This suggests that other factors, genetic or nongenetic, contribute to heterogeneity in toxicity to CPT-11. We investigated whether six genes involved in the pharmacodynamics of camptothecins influenced toxicity and therapeutic outcomes to CPT-11 therapy using a haplotype approach in a cohort of European, advanced colorectal cancer patients treated with CPT-11 -based regimens. We found that the more TOP1 IVS4+61 variant alleles a patient carried, the greater their chance of experiencing excessive neutropenia. This association might be explained by the association of the variant with elevated SN-38-Top I-DNA complex formation in bone marrow cells, resulting in increased bone marrow sensitivity to CPT-11. Additionally, more of the patients homozygous for PARP1 C-C haplotype (c.852T>C-IVS19-297C>T) tended to experience the toxicity than patients with other haplotype pairs, suggesting that the C-C haplotype might be associated with reduced PARP1 DNA repair capacity, which renders the bone marrow cells less able to combat the cytotoxic effects of camptothecins. However, neither TOP1 htSNP nor the PARP1 haplotype was independent predictive markers of neutropenia by logistic regression, suggesting that these genetic markers might not influence a patient's risk of neutropenia. However, due to the low incidence of this adverse event, the study was underpowered to show an association. In our study, baseline bilirubin was the only factor that independently predicted neutropenia.
We also studied the influence of pharmacodynamic candidate gene diversity on diarrhea. None of the candidate genes was associated with the toxicity, suggesting that they do not influence a patient's risk of CPT-11 -induced diarrhea. This is to be expected because UGT1A1*28 genotype explains a large proportion of the diarrhea cases in our cohort and may overshadow the contributions of the other genes that play smaller roles (17) . UGT1A1*28 genotype is not associated with risk of diarrhea in most published studies, and therefore, a role for the pharmacodynamic genes in diarrhea should not be ruled out and requires testing in other cohorts treated with CPT-11 (9) .
The objective of the study was to investigate whether genetic variation in genes involved in the pharmacodynamics of camptothecins influenced the toxicity to and efficacy of CPT-11. All patients studied were European with advanced colorectal cancer, suggesting that the sample had reduced allelic heterogeneity and population structure. The study was exploratory and hypothesis generating; therefore, the results should be interpreted with caution. In addition, several limitations of the study deserve mention. The population investigated was small (n = 107), suggesting that the study may have had reduced power to detect genotype-phenotype associations when allele and haplotype frequencies were low and the effect sizes of variants were small. The patients were treated with one of four CPT-11 -containing therapies, which may have contributed to the interpatient variation in drug response. However, we tested whether chemotherapy regimen influenced treatment outcomes and found that it did not predict toxicity and efficacy by univariate analyses, suggesting that it may not be a confounding variable. It is possible that several of the associations we observed between genetic variants and patient outcomes, which were of marginal statistical significance (ranging from P < 0.05 to P < 0.005), were due to chance (i.e., false positives) and would not have sustained significance if corrected for multiple comparisons.
In conclusion, we have conducted the first comprehensive pharmacogenetic investigation of camptothecin pharmacodynamic factors using candidate genes that were selected from the literature and used a haplotype-outcome association study approach. Results of indirect gene-outcome associations using alleles and haplotypes suggest that an XRCC1 haplotype (GGCC-G) predicts clinical response to CPT-11 -based therapies. None of the genetic variants independently predicted diarrhea or neutropenia. In combination with a patient's UGT1A1*28 genotype status and XRCC1 haplotype could enable individualization of treatment of patients with advanced colorectal cancer by identifying, before treatment, patients who might be at increased risk of CPT-11 -induced toxicity and therefore require dose adjustment and/or monitoring for severe toxicities and those unlikely to benefit from CPT-11 -based chemotherapy who could be offered alternate therapies, respectively. This study was hypothesis generating and further studies in large patient cohorts homogeneous for ethnicity, type of cancer, and chemotherapy regimen are required to confirm whether XRCC1 predicts the therapeutic efficacy of CPT-11 -based therapies. In addition, studies are required to determine whether the genetic variants are prognostic or predictive factors.
